Abstract Purpose: To study the role of multidetector CT angiography in diagnosis, and follow up of venous and arterial pulmonary anomalies in pediatrics. Subjects and methods: Retrospective study was conducted upon 53 consecutive pediatric patients (24 F and 29 M, aged 4 days to 5 years; mean age 11.78 months). CT examinations were done using 16-section CT scanner with a detector collimation of 16 · 0.75 mm, pitch of 0.6, and gantry rotation time of 0.5 s. Anatomic coverage extended from above the thoracic inlet to below the level of the L2 vertebra to include the origin of celiac trunk. Timed injection method was used. Post processing Image reconstruction was done in 3D volume rendering and maximum intensity projection (MIP). Results: The arterial pulmonary anomalies were more common than pulmonary venous anomalies, combined arterial and venous anomalies were seen in five cases and two cases had more than one type of pulmonary artery anomalies. The commonest pulmonary artery anomaly was atresia, followed by stenosis then hypoplasia. The commonest venous pulmonary anomaly was supracardiac total anomalous pulmonary venous return. Conclusion: We concluded that 16-MDCT is an accurate method for the diagnosis of congenital anomalies involving both pulmonary arteries and veins and also for preoperative planning and post operative evaluation.
Introduction
Congenital anomalies of the thoracic vascular system are an important cause of morbidity and mortality in infants and children (1) . Congenital thoracic vascular anomalies occur in the thoracic aorta and branch arteries, pulmonary arteries, thoracic systemic veins, and the pulmonary veins (2) .
Congenital pulmonary arterial anomalies include hypoplasia, agenesis, stenosis and pulmonary artery sling. These anomalies most often occur in association with complex conotruncal congenital heart lesions, Fallot's tetralogy, and transposition of great arteries (TGA) (3) . Isolated pulmonary arterial hypoplasia and agenesis, in the absence of complex congenital heart disease (CHD), are often associated with pulmonary hypoplasia and hypogenetic lung syndrome. Isolated pulmonary arterial stenosis is rare (2) .
Congenital anomalies of the thoracic veins are infrequent but important developmental abnormalities. They can be classified as systemic or pulmonary. Systemic venous anomalies are often incidental findings (4) . Abnormalities of the pulmonary veins are frequent in patients with congenital heart disease and are particularly common in patients with abnormalities of atrial and visceral situs such as heterotaxy (5) . Commonly encountered abnormalities of the pulmonary veins are as follows: (a) anomalous pulmonary venous drainage, which includes total anomalous pulmonary venous return (TAPVR), partial anomalous pulmonary venous return (PAPVR), sinus venosus defect, and malposition of the septum primum; (b) pulmonary vein stenosis or atresia, which includes cor triatriatum, congenital pulmonary vein atresia or stenosis, and recurrent pulmonary vein stenosis after repair of anomalous pulmonary venous return; and (c) miscellaneous or incidental abnormalities, which include abnormal number of pulmonary veins and abnormal course of the pulmonary veins (6) .
The ability to diagnose congenital vascular thoracic anomalies has evolved tremendously in the past 20 years. Traditional methods of plain radiographs and barium swallow studies as well as invasive angiography have now been supplanted with MR imaging and MDCT (7) . Multidetector row CT (MDCT) is a non-invasive and rapid technique used for the evaluation of pediatric vascular diseases as an alternative to conventional angiography (1, 8) . Three-dimensional (3D) images allow excellent display of vascular anomalies that can be used as a vascular road map by surgeons (1) .
Previous studies on congenital heart disease tend to use higher multidetector CT machines. We tried to test the efficacy of 16-multidetector CT machine in the diagnosis of congenital heart disease. Also, they used to depend on 2 D more than 3 D in diagnosis and tended to investigate patients not in very early age.
The aim of this work is to study the role of 16-multidetector CT angiography in diagnosis, and follow up of venous and arterial pulmonary anomalies in pediatrics.
Material and methods
Retrospective analysis of the data was conducted upon 53 consecutive pediatric patients from Mansura children hospital and its outpatient clinics with pulmonary arterial and venous anomalies and they were examined in the period from January 2011 to December 2012. They were 24 females and 29 males, their age ranged from 4 days to 5 years (mean age 11.78 months). The age of 39 patients was less than one year.
Echocardiography was done for all patients before performing CT examination. CT examination was done to delineate the exact anatomy of the central pulmonary arteries, Before CT examination, sedation was done for all patients. Chloral hydrate (in a dose of 25-50 mg/kg body weight, not exceeding maximum dose of 2000 mg) was used in 41 patients. Intravenous propofol was given by anesthesiologist for 12 patients in a dose of 1-2 mg/kg body weight for induction and the dose was increased in some cases to maintain sedation.
Anatomic coverage extended from above the thoracic inlet to below the level of the L2 vertebra to include the origin of celiac trunk.
For vascular opacification, a nonionic low-osmolar contrast agent containing 300 mg/mL was injected via a peripheral vein (right antecubital if it was accessible). Contrast was administered using a mechanical injector in a dose of 2 mL/ kg body weight. Flow rate of 1-2 mL/s was utilized according to the size and site of the venous access as well as the size of the cannula used.
Timed injection method was used, and examination was started after injection of 70% of total volume of contrast (other factors affecting time of start of examination were site of injection and expected underlying cardiac condition).
Post processing was carried out in dedicated work station (extended brilliance workspace). Image reconstruction was done in 3D volume rendering and maximum intensity projection (MIP) in coronal, sagittal and oblique views. The images were analysed for anatomical anomalies as well as for the diameter of the aorta, main pulmonary, right pulmonary and left pulmonary arteries. McGoon ratio which is the sum of the diameter of the right pulmonary artery at the pre-branching point plus that of the left divided by the diameter of the aorta at the diaphragm was calculated in cases with small sized main pulmonary artery or its two major branches.
Results
In this study the arterial pulmonary anomalies (37 cases) were more common than pulmonary venous anomalies (11 cases), ratios 69.8% and 20.8% respectively. In five cases there were both arterial and venous anomalies in the same case (9.4%). Out of 37 cases of pulmonary artery anomalies, two cases had more than one type of pulmonary artery anomalies; one of them had dilated main pulmonary artery (MPA) and narrowed right and left pulmonary arteries, the other case had hypoplasia of the MPA and transposition of great arteries (TGA).
The total cases with pulmonary arterial anomalies were 42 cases (31with pulmonary arterial anomalies +6 with aortopulmonary anomalies (Figs. 1-3) +5 with combined arterial and venous anomalies), of them two cases had double arterial anomalies, one case had dilated MPA and narrowed right and left pulmonary arteries and the other case had both hypoplasia of the MPA and TGA. The commonest encountered pulmonary artery anomaly was atresia of the main pulmonary artery in 14 cases (33.3%) followed by stenosis of the MPA in 10 cases (23.8%) then hypoplasia of the MPA in 8 cases (19%) ( Table 1) .
Patent ductus arteriosus (PDA) was found to be the commonest associated anomaly in cases of pulmonary artery atresia 8/14 cases (57%) followed by isomerism and dilated collaterals in 4 cases (28.6%).
In 3 cases of main pulmonary artery stenosis the anomalies were part of Fallot's tetralogy.
Right sided aortic arch with mirror image branching pattern was the commonest encountered associated type of vascular anomalies with cases of hypoplasia of the MPA (3 cases i.e. 50%).
Out of 42 studied cases with pulmonary artery anomalies (Fig. 4) , there were 5 post operative cases, two of them had atresia of MPA with confluent right and left branches associated with PDA stenting. Other two cases had MPA stenosis with PDA stenting and the fifth case had MPA stenosis with MBT shunt (Modified Blalock-Taussig shunt) (Fig. 5) .
In all cases of small sized main pulmonary artery or its two major branches (28 cases) McGoon ratio was calculated. It is In five cases there was both arterial and venous pulmonary anomalies, the first case had both supracardiac TAPVR and atresia of the MPA, right and left Pulmonary artery, the second and the third cases had cardiac and supracardiac TPVR with dilated pulmonary artery, the fourth and fifth cases had supracardiac TAPVR and pulmonary artery stenosis. Two cases had double arterial anomalies, one case had dilated MPA and narrowed right and left pulmonary arteries and the other case had both hypoplasia of the MPA and TGA.
* MPA = Main pulmonary artery, right = Rt, left = Lt. ** MBT shunt: modified Blalock-Taussig shunt.
important for the evaluation of these cases before operative interference. Its normal value is 2-2.5. Ratio above 1.2 is associated with acceptable postoperative outcome and ratio below 0.8 is considered inadequate for complete repair. Among the total 16 cases of pulmonary venous anomalies (11 with pulmonary venous anomalies and 5 with combined arterial and venous anomalies) ( Table 2) (Figs. 6-9 ), the commonest encountered pulmonary venous anomaly was supracardiac total anomalous pulmonary venous return (TAPVR) (9 cases i.e. 56.3%) followed by cardiac and supracardiac TAPVR in 3 cases (18.8%).
In 5 cases there was both arterial and venous pulmonary anomalies, the types of anomalies are summarized in (Table 3 ).
Discussion
Congenital vascular anomalies of the thorax represent an important group of entities that can occur either in isolation or in association with different forms of congenital heart disease. From a clinical viewpoint, they can be totally silent or, because of associated cardiac anomalies or compression of the airway and esophagus, result in cardiovascular, respiratory, or feeding problems that result in morbidity and mortality (7) .
A group of congenital anomalies that affects both aorta and pulmonary artery is the aortopulmonary anomalies. They include truncus arteriosus, hemitruncus arteriosus, aortopulmonary window, patent ductus arteriosus (PDA) and transposition of great arteries. Aortopulmonary anomalies were detected in 6 cases, three of them had transposition of great arteries, two had truncus arteriosus and one patient had aortopulmonary window.
Transposition of the great arteries, the most common cyanotic congenital heart lesion found in neonates, accounts for 5-7% of congenital cardiac malformations. It is isolated in 90% of those affected and rarely is associated with a syndrome or an extracardiac malformation (9) . In our study, the cases of transposition of great arteries represented 5.7% of all cases and were associated with PDA in two cases and hypoplasia of MPA and right side of the heart in one case.
Truncus arteriosus is a rare congenital malformation accounting for about 3% of all congenital heart defects. A single great artery arising from the heart provides systemic, pulmonary and coronary circulation (10, 11) .
In our series, there were two cases with truncus arteriosus (3.8% of cases). In both cases there were no other associated anomalies this is in agreement with Maldonado et al. (7) who stated that truncus arteriosus is usually an isolated finding, though it can occasionally be associated with other anomalies.
There are two classification systems for truncus arteriosus based on the origins of the pulmonary arteries: CollettEdwards and Van Praagh (12, 13) . Collett Edwards includes four types: In type I, a short pulmonary trunk arising from the truncus arteriosus gives rise to both pulmonary arteries. This is the most common type. In type II, each pulmonary artery arises directly from the posterior aspect of the truncus arteriosus. In type III, each pulmonary artery arises from the lateral aspect of the truncus arteriosus. In type IV, the pulmonary arteries arise from the descending aorta. Van Praagh classification includes three main categories: (1) truncus arteriosus with confluent or near confluent pulmonary arteries, (2) truncus arteriosus with absence of one pulmonary artery, and (3) truncus arteriosus with interrupted aortic arch or coarctation (7).
The two cases of truncus arteriosus included in this study were type 1. In both cases there was a short pulmonary trunk arising from the truncus arteriosus that divided into both pulmonary arteries. This type is the commonest type as mentioned by Maldonado et al. (7) .
The aortopulmonary window (APW) is a communication between the ascending aorta and the pulmonary trunk in the presence of two separate semilunar valves (11, 14) . In our study, there was one case with aortopulmonary window in which there were separate segments of the ascending aorta and pulmonary artery proximal to the aortopulmonary window. This appearance clearly differentiated this anomaly from the truncus arteriosus. The size of the window was 7 mm. This is in agreement with Yildirim et al. (11) who stated that multidetector CT angiography clearly demonstrates the location and size of the window. Congenital pulmonary arterial anomalies include hypoplasia, agenesis, and stenosis (3), pulmonary artery sling (left pulmonary artery with abnormal origin) and idiopathic dilatation of the pulmonary artery (11, 15) .
The total cases with pulmonary arterial anomalies were 42 cases (31 with pulmonary arterial anomalies +6 with aortopulmonary anomalies +5 with combined arterial and venous anomalies), of them two cases had double arterial anomalies, one case had dilated MPA and narrowed right and left pulmonary arteries and the other case had both hypoplasia of the MPA and TGA.
In contrast to a previous study by Castaner et al. (15) who stated that absence or interruption of the pulmonary artery is a rare anomaly, In our study the commonest encountered type of pulmonary artery anomalies was atresia (absence) of the main pulmonary artery (14 cases i.e. 33.3%). This may be because children hospital is considered tertiary referral center for cases of congenital heart disease.
The term ''interruption'' is used instead of ''absence'' by some authors because a part of the pulmonary artery is usually present within the lung parenchyma (15) . Involvement of the right pulmonary is mainly isolated and is more common than the left. Left-sided involvement is usually accompanied by right aortic arch and other congenital cardiovascular anomalies most commonly tetralogy of Fallot (11, 15, 16) . In our series we encountered atresia of the MPA as well as both right and left branches in five cases, atresia of MPA and the right pulmonary artery in one case and atresia of proximal part of MPA and proximal part of the left pulmonary artery in one case. The associated findings in the last two cases are in agreement with Yildirim et al., (11), Castaner et al. (15) and Zylac et al. (16) as the case of atresia of MPA and right pulmonary artery showed only the presence of bronchial collaterals while the case of atresia of proximal part of MPA and proximal part of left pulmonary artery had Fallot's tetraolgy.
In proximal interruption of the right or left main pulmonary artery, the intrapulmonary vascular network continues to develop independently and is supplied by aortopulmonary and transpleural collaterals (11) .
Pulmonary stenosis is classified according to the level of the stenosis, which can be single or multiple, central or peripheral, unilateral or bilateral. In type I, there is a single central stenosis (main, right, or left pulmonary artery) without peripheral branch involvement. In type II, a stenosis at the bifurcation of the pulmonary arterial trunk extends to the origins of the right and left pulmonary arteries, without peripheral branch involvement. In type III, there are peripheral but no central pulmonary artery stenoses. In type IV, there are both central and peripheral pulmonary artery stenoses (7) .
MPA pulmonary stenosis was present in 10 of the studied cases i.e. 23.8%. In three cases pulmonary stenosis was a part of Fallot's tetralogy. There were two other cases in which the stenosis was not present in the MPA: the first case had stenosis of both right and left branches with dilated MPA and the other case had stenosis of the proximal part of the left pulmonary artery. According to Maldonado et al. classification (7), all cases of stenosis in this study were considered type I.
In eight cases, there was hypoplasia of the MPA (19%). The diagnosis of hypoplasia was considered when narrowing was diffuse involving long segment of the artery according to Yildirım et al. (11) .
In idiopathic dilatation of the pulmonary artery trunk, there is enlargement of the pulmonary trunk without cardiac or pulmonary conditions that would otherwise account for the dilatation. This anomaly is asymptomatic and non progressive, and is usually detected incidentally. The idiopathic dilatation may involve the right and left pulmonary arteries (15) . In this study, four cases with dilated main pulmonary were present, in three of them dilatation of pulmonary artery was considered idiopathic as no cardiac or pulmonary cause accounting for the dilatation was present, while in the fourth case there was stenosis of both right and left pulmonary arteries. So, the dilatation is considered secondary.
Maintenance of patency of the ductus arteriosus is crucial in newborns and neonates with critical stenosis or atresia of the right ventricular outflow tract. MDCT can assess tortuous PDA in neonates with duct-dependent pulmonary circulation for stent implantation and is also useful for demonstrating stent-related complications (17) . Out of 42 studied cases with pulmonary artery anomalies, there were 5 postoperative cases, two of them had atresia of MPA with confluent right and left branches associated with PDA stenting. Two other cases had MPA stenosis with PDA stenting and the fifth case had MPA stenosis with MBT shunt. We were able to identify the stent in all cases, confirm its proper position within the ductus arteriosus and also confirm its patency and in case of MBT shunt partial thrombosis of the shunt was detected.
Among the total 16 cases of pulmonary venous anomalies (11 with pulmonary venous anomalies and 5 with combined arterial and venous anomalies) the commonest encountered pulmonary venous anomaly was supracardiac total anomalous pulmonary venous return (TAPVR) (9 cases i.e. 56.3%) followed by cardiac and supracardiac TAPVR in three cases (18.8%) then infracardiac TAPVR in two cases (12.5%).
TAPVR occurs when the pulmonary veins fail to drain into the left atrium and instead form an aberrant connection with some other cardiovascular structure. Such abnormalities account for approximately 2% of cardiac malformations and are best differentiated according to the site at which the anomalous pulmonary veins terminate (9).
Hellinger et al. (2) mentioned that in TAPVR, all pulmonary veins have anomalous drainage. Affected patients typically present in the neonatal period. An obligatory ASD or patent foramen ovale is often present, leading to a right to left shunt and cyanosis. Veins may drain via a common vein into systemic veins or the right atrium (via the coronary sinus). Alternatively, veins may first drain into a venous confluence and then to a common draining vein. In our study, the total number of cases of TAPVR was 14 cases; in all of them we detected the presence of anomalous pulmonary vein or veins connecting the pulmonary veins to extracardiac drainage site. Although the presence of left to right shunt in cases of TAPVR is mandatory, we detected ASD in eight cases and VSD in one case only. This may be because non cardiac gated CT was performed and so intracardiac anomalies might be missed.
Depending on the level of anomalous connections, TAPVR drainage may be categorized as supracardiac (Type I), intracardiac (type II), infracardiac (type III), or mixed (type VI). In the common form of type I TAPVR, the pulmonary veins are most commonly drained by a left ascending vertical vein to the left brachiocephalic and then the SVC. In type II TAP-VR, the anomalous pulmonary veins drain into the coronary sinus or the right atrium. In type III TAPVR, anomalous veins drain via a descending vertical vein into the portal, hepatic, or mesenteric venous systems. The mixed type consists of combinations of types I to III TAPVR (2). In our series, there were 9 cases with TAPVR type I (supracardiac), three cases with type IV (mixed type; supra cardiac and intracardiac) and two type III cases. In type I cases; anomalous vertical vein was seen connecting the pulmonary veins to the superior vena cava. In cases with type III; the anomalous vein was seen draining into the portal vein in one case and into the IVC in the other case. In type IV cases; two of them showed one anomalous vein draining into the SVC and one confluent vein draining into the right atrium and the third case showed anomalous vein draining the SVC and 3 veins draining direct in the right atrium.
Partial anomalous pulmonary venous connection (PAPVC) is present when one or more, but not all, pulmonary veins connect to SVC or right atrium, rather than to the left atrium, resulting in a left-to-right shunt. Most patients are either mildly symptomatic or asymptomatic (18, 19) . In our study there was only one case with partial anomalous pulmonary venous return. In that case there were no other associated findings and this in agreement with Konen et al. (20) who mentioned that partial anomalous pulmonary venous return is usually an isolated finding.
Hypogenetic lung syndrome (scimitar syndrome) is a rare type of partial anomalous pulmonary venous return in which an anomalous pulmonary vein is the draining vein for part or all of the right lung, emptying into the IVC either above or below the diaphragm. The anomalous vein may on occasion drain into the hepatic veins, portal veins, azygous vein, coronary sinus, or right atrium. The anomalous vein is usually associated with various degrees of hypoplasia of the right lung and with a hypoplastic or aplastic pulmonary artery. The right lung may have abnormal lobation (frequently only two lobes), and the bronchographic pattern may mimic that of the left lung (20) .
McGoon ratio is the sum of the diameter of the right pulmonary artery at the pre-branching point plus that of the left divided by the diameter of the aorta at the diaphragm (21) . In our study, McGoon ratio was easily calculated in all cases of small sized main pulmonary artery or its two major branches (28 cases) regardless of the degree of hypoplasia of pulmonary arteries due to our ability to obtain oblique views in any direction according to the course of the artery. It is important for the evaluation of these cases before operative interference. Its normal value is 2-2.5. Ratio above 1.2 is associated with acceptable postoperative outcome and ratio below 0.8 is considered inadequate for complete repair.
Diagnostic imaging is crucial in the evaluation of thoracic congenital arterial and venous anomalies in pediatric patients. Although clinical assessment may provide insight into the possible diagnosis, imaging is usually necessary to confirm the diagnosis. Initial imaging using noninvasive modalities often begin with chest radiography followed by echocardiography (2) . MDCT angiography with higher quality multiplanar and 3D imaging is a rapid and non-invasive technique that is an alternative to conventional angiography for the evaluation of thoracic vasculature in infants and children with suspected congenital vascular anomalies (1).
In our study volume rendering was used for primary assessment of the cases. However, MIP in different planes including oblique views was necessary for diagnosis as well as exact measurement of different examined vessels. MDCT non-invasively reveals the anatomic course of the vessels and their anomalies and concomitant cardiac, mediastinal, or parencyhmal changes. The value of MDCT angiography is not only for the diagnosis but also treatment planning and postoperative and postendovascular evaluation.
The limitations of our study are its retrospective, observational nature, and that it was performed in a nonrandomized fashion also, the possible bias resulting from performance of the study on children of a single institution.
From our study, we concluded that16-MDCT is an accurate method for the diagnosis of congenital anomalies involving both pulmonary arteries and veins. The use of both 3D volume rendering and MIP provides anatomical data for accurate diagnosis and also for preoperative planning and post operative evaluation. 
